All reactions were performed in flame-dried glassware fitted with rubber septa under a positive pressure of argon, unless otherwise noted. Air-and moisture-sensitive liquids were transferred via syringe or stainless steel cannula. Solutions were concentrated by rotary evaporation below 35 °C. Analytical thinlayer chromatography (TLC) was performed using glass plates pre-coated with silica gel (0.25-mm, 60-Å pore size, 230−400 mesh, Merck KGA) impregnated with a fluorescent indicator (254 nm). TLC plates were visualized by exposure to ultraviolet light (UV), and then were stained by submersion in a basic aqueous solution of potassium permanganate or with an acidic ethanolic solution of anisaldehyde, followed by brief heating on a hot plate.
1
H NMR) spectra and carbon nuclear magnetic resonance ( 13 C NMR) spectra were recorded on Varian INOVA 500 (500 MHz/125 MHz NMR spectrometers at 23 °C. Proton chemical shifts are expressed in parts per million (ppm, δ scale) and are referenced to residual protium in the NMR solvent (CHC1 3 : δ 7.26). Carbon chemical shifts are expressed in parts per million (ppm, δ scale) and are referenced to the carbon resonance of the NMR solvent (CDC1 3 : δ 77.0). Data are represented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = doublet of triplets, sxt = sextet, m = multiplet, br = broad, app = apparent), integration, and coupling constant (J) in hertz (Hz). Infrared (IR) spectra were obtained using a Shimadzu 8400S FT-IR spectrophotometer referenced to a polystyrene standard. High-resolution mass spectra were obtained at the Harvard University Mass Spectrometry Facility using a Bruker micrOTOF-QII mass spectrometer. HPLC retention times were acquired using a Beckman System Gold instrument equipped with a Chiracel OD-H column (5 µm particle size, 4.6 mm x 250 mm).
Note on the synthesis of catalyst 5. The synthesis of catalyst 5 was accomplished following the procedure reported by Nugent (Nugent, W. A. Org. Lett. 2002 Lett. , 4, 2133 Lett. -2136 . We found that in the final step in the synthesis of 5 it was necessary to bubble hydrogen gas through the reaction solution for 15 minutes prior to pressurization in order to obtain reproducibly successful results.
(R)-2-methylpent-1-en-3-ol (2)
A solution of diethylzinc in hexanes (1.0 M, 800 mL, 800 mmol, 1.94 equiv) was added via cannula to an ice-cooled, stirring suspension of (1R,2S)-1-cyclohexyl-2-morpholino-2-phenylethanol (1.24 g, 4.28 mmol, 0.01 equiv) in n-hexane (288 mL) in a 3-L round-bottom flask. White vapor formed in the receiving flask during the transfer. The resulting solution was allowed to stir for 30 minutes at 0 ºC, then methacrolein (34 mL, 412 mmol, 1.0 equiv, freshly distilled) was added dropwise over 90 minutes by syringe pump, producing a pale-yellow, homogeneous solution. After 3 hours, 3 M HCl (850 mL) was added slowly (CAUTION: EXOTHERM). A white precipitate was visible during the addition, but re-dissolved near the end of the addition (pH = 1). The biphasic mixture was transferred to a separatory funnel and the layers were separated. The aqueous layer was further extracted with ether (2 x 500 mL), the organic layers were combined, and the resulting solution was washed with brine (500 mL). The washed solution was dried over sodium sulfate and filtered, and the filtrate was concentrated under reduced pressure (~40 Torr) at ≤10 ºC. The resulting clear oil was transferred to a 250-mL round-bottom flask, and the transfer was quantitated with ether (2 x 15 mL). The solvent was removed at atmospheric pressure by distillation using a short-path distillation head, heating with a 90 ºC oil bath. The heating bath was removed and the distillation flask was allowed to cool to 23 ºC whereupon the pressure was carefully reduced to ~40 Torr. The receiving flask was immersed in an ice-water bath, and the distillation was resumed, heating with a 90-105 ºC oil bath. The product distilled with a steady boiling point of 65-68 ºC at ~40 Torr, providing allylic alcohol 2 as a colorless liquid (31.4 g, 76% yield). The ee was not determined at this stage, but was measured after conversion to 1a (see below). The acidic aqueous layers from the extraction were combined and the resulting solution was basified with 3 M NaOH (~800 mL) to pH 14, causing the precipitation of a white solid. The resulting suspension was extracted with dichloromethane (4 x 300 mL). The organic layers were combined and the resulting solution was dried over sodium sulfate. The dried solution was filtered, and the filtrate was concentrated to provide (1R,2S)-1-cyclohexyl-2-morpholino-2-phenylethanol (5) (1.19 g, 4.12 mmol, 96% recovery) in high purity.
Imidazole (16.3 g, 240 mmol, 2.0 equiv) was added to a solution of allylic alcohol 2 (12.0 g, 120 mmol) in DMF (120 mL). TBDPSCl (40.5 mL, 156 mmol, 1.3 equiv) was then added dropwise. The reaction solution was stirred at 23 ºC for 20 hours, at which time TLC analysis (eluent: 20% ethyl acetate in hexanes) revealed that the starting material had been completely consumed. The reaction solution was partitioned between hexanes (300 mL) and water (100 mL), and after vigorous mixing the layers were separated. The aqueous layer was further extracted with hexanes (2 x 300 mL), and the combined organic layers were washed with water (2 x 400 mL). The washed solution was filtered through a pad of silica gel (4 inches in diameter, 6 inches in length), and the product was further eluted with hexanes. The filtrate was concentrated under reduced pressure, providing silyl ether 7 as a colorless oil (38.8 g, 96% yield). 
(R)-3-((tert-butyldiphenylsilyl)oxy)pentan-2-one (1a)
tert-Butyldiphenylsilyl ether 7 (38.8 g, 115 mmol, 1.0 equiv) was suspended in a 2:1 mixture of THF:water (510 mL), producing a white slurry. 2,6-Lutidine (26.7 ml, 229 mmol, 2.0 equiv) was added, followed by sodium periodate (98 g, 458 mmol, 4.0 equiv). Potassium osmate dihydrate (0.422 g, 1.15 mmol, 0.01 equiv) was then added, and the resulting suspension was stirred with a large magnetic stirbar (the slurry thickens considerably during the course of the reaction). After 22 h, TLC analysis (eluent: 10% ether in hexanes) revealed that small amounts of 7 remained, so another portion of potassium osmate dihydrate (0.084 g, 0.23 mmol, 0.002 equiv) was added. After 36 h total, the thick white slurry was diluted with water (1000 mL) and the resulting slurry was extracted with hexanes (3 x 400 mL). The combined organic layers were washed with saturated aqueous sodium thiosulfate solution (1 x 1000 mL then 2 x 500 mL, vigorously shaking for 5 min each wash) and saturated aqueous copper sulfate solution (1 x 1000 mL then 2 x 500 mL, vigorously shaking for 5 min each wash), and the washed solution was filtered through a pad of sodium sulfate. The filtrate was concentrated to provide (R)-3-((tertbutyldiphenylsilyl)oxy)pentan-2-one (1a) as a colorless oil (38.6 g, 99%) that contained •2% of contaminants as assessed by 1 H-NMR analysis. The product was further purified by filtration through a pad of silica gel (4 inches in diameter, 5 inches in length, eluted with 10% ether in hexanes) to provide 1a as a colorless oil (36.4 g, 93%). 52 (m, 2H), 1.13 (s, 9H) , 0.82 (t, J = 7.5 Hz, 3H). 13 C NMR (125 MHz, CDCl 3 ), : 211.3, 135.8, 135.8, 133.5, 133.1, 129.9, 129.9, 127.7, 127.6, 80.2, 27.7, 27.00, 25.8, 19.3 The ee of the product was determined to be 99% by HPLC analysis using a chiral stationary phase OD-H column using pure hexanes as eluent with detection at 168-218 nm at a flow rate of 1.0 mL/min. Major enantiomer t R = 11.5 min, minor enantiomer t R = 17.7 min.
(R)-3-((tert-butyldimethylsilyl)oxy)pentan-2-one (1b)
To a solution of alcohol 2 (6.09 g, 60.9 mmol, 1 equiv) in DMF (60 mL) at 0 °C were added sequentially imidazole (8.29 g, 122 mmol, 2.0 equiv) and tert-butyldimethylchlorosilane (11.9 g, 79 mmol, 1.3 equiv). The resulting mixture was allowed to warm to 23 ºC and was stirred for 14 h at this temperature, at which point TLC analysis (10% ether in hexanes) revealed that the starting material had been completely consumed. The reaction solution was partitioned between water (500 mL) and hexanes (150 mL) and the layers were separated. The aqueous layer was extracted with hexanes (2 x 150 mL) and the combined organic layers were washed with water (3 x 200 mL). The organic layer was loaded onto a silica pad (slurry-packed with hexanes) and the product was eluted with hexanes. The fractions that contained product were concentrated under reduced pressure (~40 Torr, 25 °C bath temperature) to provide (R)-tert-butyldimethyl((2-methylpent-1-en-3-yl)oxy)silane (8) as a colorless, volatile liquid (13.5 g) that contained ≤5% contaminants as assessed by 1 H NMR analysis. The product was used without further purification.
A suspension of the crude tert-butyldimethyl silyl ether 8 in a 2:1 mixture of THF:water (255 mL) in a 1-L round-bottom flask was cooled in an ice-water bath. 2,6-Lutidine (14.2 mL, 122 mmol, 2.0 equiv) was added, followed by sodium periodate (52.1 g, 244 mmol, 4.0 equiv). Potassium osmate dihydrate (224 mg, 0.609 mmol, 0.01 equiv) was then added, and the resulting suspension was stirred with a large magnetic stirbar (the slurry thickens considerably during the course of the reaction). The cooling bath was removed and the mixture was allowed to warm to 23 ºC. Stirring was continued for 15 h, at which point TLC analysis (eluent: hexanes) revealed that the starting material had been completely consumed. Water (600 mL) was added and the resulting suspension was extracted with hexanes (3 x 200 mL). The combined organic layers were washed with saturated aqueous sodium thiosulfate solution (1 x 400 mL then 2 x 200 mL, vigorously shaking for 5 min each wash) and saturated aqueous copper sulfate solution (1 x 400 mL then 2 x 200 mL, vigorously shaking for 5 min each wash). The washed organic solution was dried over sodium sulfate, and the dried solution was filtered. The filtrate was concentrated under reduced pressure (~40 Torr) at 25 ºC. The resulting yellow oil was purified by flash column chromatography (0→5% ether in hexanes) to provide (R)-3-((tert-butyldimethylsilyl)oxy)pentan-2-one (1b) as a colorless oil (11.9 g, 90% over two steps).
